of MR-proANP was performed in serum using sandwich immunoassay. The primary endpoint was functional outcome [assessed by the Glasgow Outcome Score (GOS)] and the secondary endpoints were mortality within 180 days after hemorrhagic stroke and influence of temperature on MRproANP. A favorable outcome was defined as GOS 4-5, and the patients were considered to have a poor outcome with a 180-day GOS score between 1 and 3. Results: Analysis of MR-proANP was performed in 24 patients with spontaneous SAH and 22 patients with spontaneous ICH. MR-proANP was elevated on days 4 and 7 as compared to baseline levels (p < 0.05 and p < 0.001, respectively). High MR-proANP levels (>120 pmol/l) were associated with increased mortality and poor outcome (after 180 days; p < 0.05, respectively). There was no significant difference regarding MR-proANP serum concentrations between the endovascular and the control groups. Conclusions: Increased levels of MR-proANP are independently associated with poor functional outcome and increased mortality after 180 days in patients with hemorrhagic stroke. Endovascular temperature control had no significant influence on MR-proANP levels.
Introduction
Hemorrhagic stroke, i.e. subarachnoid (SAH) and intracerebral hemorrhage (ICH), is a devastating neurological disease [1] [2] [3] . Prognostic markers may improve risk stratification and allow early prognostication, both for functional outcome and mortality, thus improving individual treatment and allocation of hospital and human resources.
Atrial natriuretic peptide (ANP) is a prognostic marker of cardiovascular-based mortality [4] . Accounting for about 98% of all circulating natriuretic peptides, ANP is released from intracellular granules in atrial myocytes upon atrial dilation, with myocyte stretching through volume and blood pressure challenge being the most potential stimulators [5] . ANP-immunoreactive glial cells have been found in ischemic brain tissue, suggesting regulation of cerebral blood flow through ANP [6] . Moreover, release of ANP from brain tissue has also been reported during cerebral ischemia [6, 7] .
Assessment of circulating ANP is challenging since early destruction of this protein by endopeptidases leads to a short half-life of 1-5 min [5] . By contrast, the prohormone proANP has a longer half-life [8] . Midregional proatrial natriuretic peptide (MR-proANP) is a stable fragment of the ANP precursor hormone and is secreted in equimolar amounts to ANP [9] .
In patients with acute ischemic stroke, MR-proANP has been shown to reliably predict functional outcome and mortality [4, 10, 11] . This study evaluates the prognostic value of MR-proANP in SAH and ICH patients regarding functional (neurological) outcome, mortality after 6 months and stability of MR-proANP regarding novel targeted temperature measurements.
Methods

Ethics Statement
The study was approved by the institutional review board of Innsbruck Medical University (protocol No. UN1734/AM1734a). According to Austrian law, written informed consent was obtained either before enrollment in competent patients or as soon as the patient regained competence. The informed consent procedures were approved by the institutional review board. All potential participants, who declined to participate or otherwise did not participate, were eligible for treatment and were not disadvantaged in any other way by not participating in the study.
Study Site and Participants
This study was designed as an extension of a prospective randomized controlled trial on endovascular-based normothermia in patients with cerebrovascular disease and was performed at Innsbruck University Hospital, Austria, a 1,500-bed tertiary care hospital with approximately 74,000 admissions per year. The neurologic intensive care unit is a 10-bed neurocritical care unit admitting, on a nonelective basis, about 700 adults per year, with a significant proportion of the patients being diagnosed with SAH or ICH. A detailed description of the study population has been published previously [12] . Patients were randomized into two treatment arms: (1) prophylactic endovascular-based controlled normothermia with a target temperature of 36.5 ° C (CoolGard 3000 and CoolLine devices; Zoll ® ), and (2) conventional fever management strictly following a predefined protocol. Temperature control management including calculation of fever burden has been described in detail previously [12] .
Sample Collection and Measurement of MR-proANP
Analysis of MR-proANP was performed in the patients' sera, collected at the time of enrollment as well as 4 and 7 days after admission to the neurologic intensive care unit using Sarstedt Monovette serum tubes. Data collection used in the present analysis was done prospectively since the original design of the study included subgroup analysis of inflammatory parameters as an additional endpoint. To minimize bias probably introduced by daytime variation, blood drawing was done immediately after enrollment and at 7 a.m. on the respective days thereafter. Serum was obtained by centrifugation at 1,500 g for 15 min after at least 30 min of clotting time and stored at -20 ° C until use. MR-proANP was detected in serum from all patients with a sandwich immunoassay (Thermo Fisher BRAHMS, Hennigsdorf/Berlin, Germany), as described in detail elsewhere [9] .
Endpoints
The primary endpoint was functional outcome at 180 days after the acute event assessed by a dichotomized Glasgow Outcome Score (GOS; favorable outcome = GOS 4-5, poor outcome = GOS 1-3). Secondary endpoints were mortality within 180 days after the acute event and dependency of temperature management. Followup telephone interviews 180 days after the event were performed by a blinded trained physician with the patient or next of kin.
Statistical Analyses
Baseline characteristics were compared using a t test (age, APACHE II score, body core temperature, BMI, fever burden), Fisher's exact test (gender, treatment group, diagnosis) and Kruskal-Wallis test (Hunt and Hess grade, Glasgow Coma Scale). To eliminate the risk of a putative selection bias, baseline characteristics were compared using a t test (age, APACHE II score, body core temperature, BMI, fever burden), Fisher's exact test (gender, treatment group, diagnosis) and Kruskal-Wallis test (Hunt and Hess grade, Glasgow Coma Scale).
The 
Results
Baseline Characteristics
Excluding patients with ischemic stroke, 92 patients were eligible for this study. After preanalytical screening, workup of MR-proANP was not possible in another 46 patients. A total number of 46 patients were included in the final analysis (demographic and clinical data of the study population are listed in table 1 ). Of those, 24 patients were diagnosed with spontaneous SAH and 22 patients suffered from spontaneous ICH.
Time Course of MR-proANP Serum Levels
MR-proANP serum levels showed a significant increase throughout day 7 ( fig. 1 ). Baseline serum concentrations were lower (96.0 pmol/l, IQR: 63.8-130.9) compared to days 4 (113.5 pmol/l, IQR: 77.0-167.2; p < 0.05) and 7 (140.8 pmol/l, IQR: 87.0-208.5; p < 0.001). There was no statistical difference between patients with SAH and ICH regarding MR-proANP serum levels. We did not find an association between MR-proANP concentrations and the presence of hypo-or hypernatremia, cardiac arrhythmia, or pulmonary edema (data not shown). (fig. 2) . Receiver operating characteristics curve analysis revealed AUC values for MR-proANP on day 1 of 0.67 (95% CI: 0.49-0.84) and 0.77 (95% CI: 0.55-0.99) for mean MR-proANP from day 1 to day 7 (p < 0.05). A MR-proANP threshold of 120 pmol/l [13] had a sensitivity of 50% and specificity of 21% for day 1, and a sensitivity of 78% and specificity 80% for mean MR-proANP. Values represent n (%) or means ± SD. NSAIDs = Nonsteroidal anti-inflammatory drugs. fig. 3 ]. The general estimating equation model for the association between mortality and serum concentrations of natriuretic peptide underlined this finding (p < 0.001). When using the receiver operating characteristics curve analysis for prediction of mortality, area under the curve values were 0.62 (95% CI: 0.42-0.82) and 0.92 (95% CI: 0.77-1.0) for baseline MR-proANP and mean MRproANP (from day 1 to day 7), respectively (p < 0.05). A MR-proANP threshold of 120 pmol/l had a sensitivity of 64% and specificity of 59% for day 1, and a sensitivity of 100% and specificity of 67% for mean MR-proANP.
Functional Outcome
Patients with a high Acute Physiology and Chronic Health Evaluation (APACHE) II score (>19) were compared with those showing lower APACHE II scores ( ≤ 19) on admission. This analysis revealed significantly elevated MR-proANP serum levels in patients with APACHE II scores >19 (p < 0.05).
Temperature Management
When comparing endovascular temperature control regimen patients and the control group, no statistical difference in MR-proANP concentrations was found, although fever burden was significantly lower in the patients undergoing endovascular temperature control (p < 0.0001).
Discussion
In this study, MR-proANP levels were analyzed in 46 patients with severe spontaneous SAH or ICH requiring intensive care treatment. The main findings were: (1) MRproANP significantly increases over time in SAH and ICH patients compared to baseline levels, and (2) increased serum levels of MR-proANP are associated with poor functional outcome and mortality after 180 days (GOS 1-3) .
ANP has been recognized as a predictor of functional outcome and mortality in patients with cardiovascular disease [14] [15] [16] . Recently, results of a prospective study in patients with ischemic stroke showed MR-proANP to be a strong predictor of functional outcome and poststroke mortality [10] . Patients with poor functional outcome as assessed by the modified Rankin scale revealed significantly higher MR-proANP serum levels compared with patients with favorable functional outcome [10] .
To the best of our knowledge, there are no reports about MR-proANP levels in patients with hemorrhagic stroke. We found a significant association of MR-proANP serum concentrations with poor outcome and mortality in SAH and ICH patients. Natriuretic peptides have been shown to be elevated in patients with SAH and have been found to be associated with a decreased level of consciousness [17, 18] . Data from experimental studies suggest that cerebral ischemia induces ANP release [6, 7] . In patients with ICH, higher levels of brain natriuretic peptide, another member of the natriuretic peptide family, have been reported to be associated with functional neurological outcome [19] .
Natriuretic peptides are involved in hemodynamic regulation, fluid and volume homeostasis increasing diuresis and natriuresis [20] . ANP release is triggered by volume challenge of the cardiac atrium [20] . Alterations of ANP levels in hemorrhagic stroke patients seem to be multifactorial: cardiac abnormalities are common in patients with (severe) SAH and ICH [21] [22] [23] [24] .
Clinical symptoms and electrocardiographic changes may mimic (ischemic) myocardial injury [25] . However, this effect is rather attributable to increased catecholamine release due to cerebral injury than coronary stenosis [22, 25] . Natriuretic peptides reduced circulating levels of catecholamines in animal studies [26] . Upon sympathoadrenal stimulation they act as counterregulators in response to myocardial injury [5] . Thus, increased sympathetic activation, which has been observed in patients with spontaneous SAH and poor outcome, may directly influence ANP release [27] . In addition to neurohumoral effects, ANP increase may be triggered by therapeutic regulation of fluid balance and systemic vascular resistance [5] .
Increased sympathetic activation, which has been observed in patients with spontaneous SAH and poor outcome, may directly influence ANP release [27] . In addition to neurohumoral effects, ANP increase may be triggered by therapeutic regulation of fluid balance and systemic vascular resistance [5] .
Temperature modulation in this study was performed using endovascular temperature control and administration of antipyretic medication plus surface cooling. Strict temperature control and adherence to a predefined target temperature were achieved in the endovascular group using a catheter-based heat exchange system. Despite significant differences regarding fever burden in the two treatment arms, there was no difference in MR-proANP serum levels [12] . This indicates that MR-proANP remains a stable biomarker even under novel temperature modulations. These results suggest that MR-proANP is a reliable marker of poor outcome, including mortality, even in patients under targeted temperature control. This is of utmost importance since the reliability of biomarkers under targeted temperature modulation has been discussed controversially recently [28] [29] [30] .
Several limitations need to be considered when interpreting our results. As the sample size was small, adjustment for multiple potential confounders was not possible. Only a subgroup of patients was included in this final analysis. However, a putative selection bias is unlikely as comparison of baseline parameters of the respective groups did not reveal significant differences, with the exception of sex. This is a hypothesis-generating study showing for the first time that an elevation of MR-proANP serum levels is significantly associated with poor outcome in hemorrhagic stroke patients and might serve even early after SAH onset as a reliable predictor of functional outcome in this patient population.
Conclusions
Timely prognostication and prediction of long-term outcome is especially important in patients with hemorrhagic stroke as it allows for optimization of acute care and risk stratification. Elevation of MR-proANP in patients with hemorrhagic stroke might allow early diagnosis of patients at risk for hemodynamic instability and multiorgan dysfunction, finally leading to unfavorable outcome.
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